ABSTRACT The biology and behavior of insects are strongly inßuenced by environmental conditions such as temperature and precipitation. Because some of these factors present a within day variation, they may be causing variations on insect diurnal ßight activity, but scant information exists on the issue. The aim of this work was to describe the patterns on diurnal variation of the abundance of Ichneumonoidea and their relation with relative humidity, temperature, light intensity, and wind speed. The study site was a tropical dry forest at Rṍa Lagartos Biosphere Reserve, Mexico; where correlations between environmental factors (relative humidity, temperature, light, and wind speed) and abundance of Ichneumonidae and Braconidae (Hymenoptera: Ichneumonoidea) were estimated. The best regression model for explaining abundance variation was selected using the second order Akaike Information Criterion. The optimum values of temperature, humidity, and light for ßight activity of both families were also estimated. Ichneumonid and braconid abundances were signiÞcantly correlated to relative humidity, temperature, and light intensity; ichneumonid also showed signiÞcant correlations to wind speed. The second order Akaike Information Criterion suggests that in tropical dry conditions, relative humidity is more important that temperature for Ichneumonoidea diurnal activity. Ichneumonid wasps selected toward intermediate values of relative humidity, temperature and the lowest wind speeds; while Braconidae selected for low values of relative humidity. For light intensity, braconids presented a positive selection for moderately high values.
The Ichneumonoidea is a large and hyperdiverse superfamily of Hymenoptera composed of two families, the Ichneumonidae and Braconidae. These families are of signiÞcant importance to ecosystems and agroecosystems (Godfray 1994) , and are important biocontrol agents (Jervis 2005) . They should be of Þrst priority for conservation because are very sensitive to environmental changes, which in turn makes them vulnerable to stochastic population changes (Hochberg and Ives 2000) .
As other insects, Ichneumonoidea wasps are able to react to environmental factors such as seasonal photoperiod, temperature, humidity, and air ßow (Gullan and Cranston 2000) . These factors inßuence many aspects of the species biology, such as reproduction (Amiri et al. 2010) , rate of immature development (Pittendrigh et al. 1997 , Legaspi et al. 2008 , growth rate (Malina and Praslič ka 2008) , emergence, dispersal (Wolda 1988) , abundance, and species richness (Gauld 1991 , Tylianakis et al. 2005 .
Many researchers have shown the effects of environmental conditions over diurnal activity of predator insects or pests. Diurnal variations of temperature and wind speed, mainly, may have important effects on when an insect should be active (Taylor 1963 , Pearsall 2002 , Briers et al. 2003 , Peixoto and Benson 2009 . However, studies about parasitoids, in particular about Ichneumonoidea, are scarce. Idris and GraÞus (1998) and more recently Mazó n et al. (2009) have demonstrated the inßuence of temperature and relative humidity on Ichneumonidae. However, both works were done in temperate areas, which have a daily wide range in environmental factors. In tropical areas, these ranges are less marked, especially in temperature and remain relatively homogeneous throughout the day. Under these conditions, we expect that Ichneumonoidea activity does not vary throughout the day, because of the more relative homogeneity of environmental variables. The aim of this work is to describe the inßuence of environmental factors on the diurnal behavior of Ichneumonoidea in a tropical dry ecosystem.
Materials and Methods
Site of Study. The study was carried out in the Rṍa Lagartos Biosphere Reserve, Yucatan, Mexico (21Њ 27.949Ј N; 87Њ 38.081Ј W). The vegetation present in the study site is a matrix of tropical dry forest. This forest is characterized by the presence of trees, which can reach 10 Ð20 m in height. Around 50 Ð75% of tree species lose their leaves during the dry season. Common species include Acacia pennatula (Schlechtendal and Chamisso) Bentham, Caesalpinia gaumeri Greenm, Lysiloma latisiliquum (L.) Bentham, Enterolobium cyclocarpum (Jacquin) Grisebach, Piscidia piscipula Sargent Pithecellobium brownei Standley (Leguminosae), Bursera simaruba (L.) Sargent (Burseraceae), Metopium brownei (Jacquin) Urban (Anacardiaceae); Guazuma ulmifolia Lamarck (Sterculiaceae), and Vitex gaumeri Greenman (Verbenaceae). In addition, there are bush and herbaceous layers well developed during rainfall season. Epiphytic plants are also common (Flores and Espejel 1995) .
The Reserve is located in the transition zone between two kinds of climates, a semiarid and a subhumid warm type, with a mean annual temperature higher than 22ЊC and a mean annual rainfall of 623 mm (Comision Nacional de Á reas Naturales Protegidas [CONANP] 2000) .
Ichneumonoidea Sampling Methods. Ichneumonoidea wasps were captured using Malaise traps, widely recommended for catching parasitic wasp (Longino 1994) . Ten traps were placed together, touching each other; the collecting jars of each trap were adjacent to the body of the next trap, forming a NorthÐSouth line, like a barrier, for intercepting the movement of insects. This barrier were placed covering a vegetation gap and a trail, which are reported as a natural path for insects. The interception surface was Ϸ17 m Traps were active 14 h a day, covering all daylight hours, with four temporal repetitions on the days 23, 24, 26, and 27 of June 2009, making a total of 56 h of sampling. Every day, collecting jars were changed every hour, starting at 6:00 a.m. and Þnishing at 8:00 p.m. Specimens were preserved in 70% alcohol, mounted, and determined to species or morphospecies level. The sex of individuals was also determined.
Environmental Factors. Four environmental variables were measured: temperature, relative humidity, light intensity, and wind speed. Equipment for recording these variables were located in a station placed at a distance of 3 m from the trap line and at a height of 1.80 m above ground level. The temperature (ЊC) and relative humidity (%) were measured every hour with a digital outdoor thermometer. Light intensity (Lux) was measured every half an hour, using a digital Light Meter PCE-172 with an accuracy Ϯ5% of reading Ϯ10 digits (Ͻ10,000 lux) and Ϯ10% of reading Ϯ10 digits (Ͼ10,000 lux). At same time, wind speed (m/s), was measured using an Anemometer PCE-A420 with an accuracy of Ϯ2%.
Statistical Methods. Abundance of both taxonomical groups was transformed as ͌(xϩ0.05) and the wind speed as ͌(xϩ0.003) to achieve the normal distribution of data and residuals on the regressions.
To test if any of the taxonomical groups presented variations on their abundances depending on the sampling day or the hour within 1 d, two-way analysis of variance (ANOVA) were performed, using the day as the row factor and the hour as the column factor (Quinn and Keough 2002) .
Correlation analysis between all studied variables were carried out; Spearman correlation coefÞcients and their respective P values are reported. As colinearity between independent variables was found, it was necessary to perform a model selection analysis.
The software StatGraphics Plus 5.1 for Windows was used for performing a "regression model selection analysis" to Þnd the combination of environmental factors that better explained the abundance of each group. This function yielded the models with the lowest Mallows Cp values.
The second order Akaike Information Criterion (AIC c ) was estimated for the linear models obtained (Franklin et al. 2001) , as recommended for models with less of 40 parameters. Akaikes weights were also estimated for comparing the likelihood of each model; this statistic compares how good is a model against the one with the smallest AIC c value. Preference curve models were built for the factors to which the abundance of each group showed signiÞcant correlations.
Preference curve models were built following the methodology suggested by Gore and Judy (1981) , to Þnd the optimal values for each group and each variable. This was done building a dispersion plot of cumulative frequencies against the parameter of interest, and adjusting a polynomial function to the cloud of points with the least squares method. In this case, cubic functions were adjusted using the statistical software MINITAB 14. The values of P and R 2 are reported. The Þrst derivative of the functions yielded the preference functions, where the maximum values were considered to be the most preferred values.
Except for light intensity, environmental raw data were used to build the preference functions. In the case of light intensity, the original values were divided by 1,000. This was done as models built with raw data yielded very small values for the equation parameters (some in the order of 10 Ϫ11 ), which was not useful for building the preference function via derivation. A paired sample analysis was performed to test for differences between male and female proportions of caught ichneumonids.
Results
In total, 318 Ichneumonidae and 163 Braconidae wasps were caught. Ichneumonidae were represented by 44 species of 28 genera and 11 subfamilies. Braconidae were represented by 59 species and morphospecies belonging to 38 genera and 13 subfamilies.
Diurnal abundance of ichneumonid and braconid wasps showed a decreasing trend along all sampling days, with abundances of 125, 82, 61, and 50 ichneumonids and 63, 43, 32, and 25 braconids for the days 23, 24, 26, and 27 of June, respectively.
The activity of Ichneumonoidea was low in the Þrst hours of the morning (6 Ð 8 a.m.), with temperatures below 30ЊC. The activity is low in the beginning of the day (6 a.m.), increases to peak at middle morning (10 a.m.) for Ichneumonidae, and near noon (11 a.m.) for Braconidae. Activity decreases from noon and peaks at 3 and 5 p.m. for both families (Fig. 1) .
The temperature had a tendency to decrease with the passing of the days, the Þrst day was the warmest with a rank from 23.1 to 36.1ЊC; the second and third day were from 22.2 to 33.7ЊC and from 21.8 to 34.3ЊC, respectively; the last one was the coolest with temperatures from 21.1 to 31.9ЊC. All minimum temperature values were reached at 6 a.m. for the 4 days and maximum values were recorded at 11 a.m. (Fig. 2A) .
Relative humidity increased with sampling days, with the last sampling date being the wettest. Humidity rank varied for the Þrst day from 39 to 90% and from 51 to 91% for the second day. The third day had the minimum value of 58% and its maximum of 90%. The fourth day presented a rank from 63 to 97%. These maximum values were reached between 6 Ð 8 a.m. and the minimum values were reaching near to noon (Fig.  2B) .
In relation to light intensity, the last two sampling days were cloudier and darker than the Þrst two. Minimum light values were measured at dawn (6 a.m.) and at dusk (8 p.m.), maxima were reached at noon to 3 p.m. (Fig. 2C) . Wind speed was very low throughout the day, but in the Þrst hour of morning there was not wind (Fig. 2D) .
Ichneumonidae abundance showed higher variations between hours than among days (Table 1) . For Braconidae the differences among days explained most of the variance (Table 2) .
Influence of Environmental Factors Over Diurnal Flight of Ichneumonoidea. All four environmental variables showed correlation statistically signiÞcant with high (i.e., Ͼ0.5) to moderately high (0.4 Ð 0.5) correlation coefÞcients. Braconidae abundance was signiÞcantly correlated to all variables except by wind speed, while Ichneumonidae abundance showed signiÞcant but small correlations with the four environmental variables (Table 3 ). The AIC c values for the best regression models (those with the lowest MallowsÕ Cp and AIC c ) for ichneumonid and braconid are shown in Table 4 Days were considered as Blocks while the time of the day was considered the factor. Adjusted R 2 ϭ 0.1 and P Ͻ 0.05. Ichneumonidae showed also a higher preference value toward the lowest wind speeds. In general the preferences descended markedly as wind speed raised, until a speed of 4.5 m/s was reached; at higher speeds the preference value showed a slight rise.
The preference equation was: Adjusted R 2 ϭ 0.1 and P Ͻ 0.05. In total, 185 females and 133 males of Ichneumonidae and 91 females and 72 males of Braconidae were captured with a proportion of 1.4:1 and 1.2:1, respectively. There were no signiÞcant differences between male and female proportions (t ϭ 1.41454; P Ͼ 0.05). However, differences in preference for temperature and humidity were found in both sexes. Ichneumonidae males preferred higher relative humidity and temperature than females; the females preferred values of 70.5% and males of 74.5% (P ϭ 0.9; KolmogorovÐSmir-nov goodness-of-Þt). For temperature, the maximum preference value for female was 29.8ЊC and for males 32.2ЊC (P ϭ 0.9; KolmogorovÐSmirnov goodness-ofÞt).
However, Braconidae males preferred to ßy in higher relative humidity, near to 67%, while females preferred values of 53% (P ϭ 0.9; KolmogorovÐSmir-nov goodness-of-Þt). For the temperature, females preferred values of 34.8ЊC and males of 32.8ЊC (P ϭ 0.9; KolmogorovÐSmirnov goodness-of-Þt). For the light intensity, there were no signiÞcant differences between sexes.
Discussion
Our results suggest that relative humidity is the most important environmental variable related to the diurnal ßight activity of Ichneumonoidea in tropical dry forests. This result differs from other studies where temperature is the most important environmental factor that explains insect ßight activity (Williams and Osman 1960 , Pearsall 2002 , Briers et al. 2003 , Hodges et al. 2003 , Volynchik et al. 2008 , Mazó n et al. 2009 , Hennekeler et al. 2010 ). This could be explained because in the tropics, temperature is relatively stable along the day (in our study 22 to 35ЊC), while the relative humidity is more variable in range (in our study 45 to 98%).
Relative humidity is important for insects, because they are very susceptible to desiccation through cuticular and respiratory transpiration. They are capable of interchanging humidity with environment trough the spiracles and during the ßight, some spiracles are continuously open (Gullan and Cranston 2000) increasing water loss (Yu et al. 2010) . This water loss could be controlled by a reduction in locomotion (Prates et al. 2005) or moving to areas according to water vapor content in the air (Martṍnez and Hardie 2009) .
Flight activity increases with decreasing relative humidity, to achieve an optimum beyond which, the activity decreases to prevent excessive water loss. The optimum for this response in both families was different. Ichneumonidae showed a preference for middle values of relative humidity with an optimal value near to 71%, nevertheless, Braconidae showed preference for minimum values of relative humidity 53%. In Ichneumonidae, the optimum observed here contrasts with the values reported by Mazó n et al. (2009) in temperate areas, they reported an optimum of 34.67Ð 39.24%. This important difference between the optimum could be a direct consequence of the adaptation of these insects to the tropical and temperate environmental conditions, respectively.
Temperature was another factor inßuencing diurnal behavior. The optimum temperature range reported for insect diurnal ßight varies considerably. Some studies report range between 15ЊC and 32.5ЊC (Williams and Osman 1960 , Pearsall 2002 , Hodges et al. 2003 , Bonsignore and Bellamy 2007 , with different values depending on the order and geographical region. Particularly in Ichneumonidae, Idris and GraÞus (1998) found an optimum temperature of Ϸ25ЊC. More recently, Mazó n et al. (2009) report that the optimum range for ichneumonids ßight was 25.6 Ð 26.97ЊC in a temperate area. This optimum was reached twice, at late morning and in the evening; above and below this range the activity decreased.
In our case, the bimodal abundance pattern was equally observed, with an optimum around 29.8 Ð 34.8ЊC, signiÞcantly higher than that reported in temperate zones (Idris and GraÞus 1998, Mazó n et al. 2009) . Although, these results should be considered in a context of low correlation coefÞcient (0.35).
Higher optimum of temperature observed in the tropical forest could be explained, as in the case of relative humidity, by adaptation of these insects to warmer conditions; which have temperature values higher than those observed in temperate regions, were most studies have been conducted.
Although the light intensity has been reported in general as an important factor for insect activity (Volynchik et al. 2008) , it showed a low correlation coefÞcient with Ichneumonidae abundances, which agrees with the observations reported by Mazó n et al. (2009) .
Light showed a relatively high and signiÞcant correlation with Braconidae abundances, with an optimum value of 2,000 lux. However in both families this environmental factor primarily determines the diurnal and nocturnal habits.
Wind speed was highly variable within hours and along the day, this high variation could explain why it does not show a signiÞcant correlation to Braconidae abundance. On the other side, correlation coefÞcients of wind speed were signiÞcant for the ichneumonid, as reported in previous works (Taylor 1963 , Pearsall 2002 , Briers et al. 2003 , Peixoto and Benson 2009 , there is an apparent paradox as preference curve models showed that this group preferred to ßy when the wind speeds were the lowest.
The direct correlation between ichneumonids and wind speed may be explained if both variables were affected by other variables, such as temperature, relative humidity, or light intensity, as might be the case.
Differences in preference for temperature and humidity between sexes were found. In both families, males prefer higher relative humidity than females. A possible explanation for this could be the size of insects, as smaller insects have higher area-to-volume ratio than larger ones, so, they are more sensitive to water loss, so warm and dry conditions may not be the best for ßying, neither when weather is very cold and wet (Speight 1999 , Liang et al. 2010 . In general, Ichneumonidae and Braconidae males are smaller than females, so, they have a dehydration risk higher than females.
In conclusion, in dry tropical environments, diurnal activity of Ichneumonoidea is mainly inßuenced by relative humidity, secondary with temperature and less markedly with light intensity and wind speed. Nevertheless, these factors by themselves, did not explain entirely the diurnal behavior of these parasitoids. It suggest that there may be other ecological or biological factors, such as host diurnal cycles, feeding habits or matting behavior, which could be also related with this behavior. Therefore, in addition to those studies about environmental factors, more experiments to test what and how other biological factors affecting the diurnal behavior of Ichneumonoidea are needed.
